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I N T R O D U C T O R Y .
An o u ts ta n d in g  f e a tu r e  o f  steam power e n g in e er in g  at the  
p r e sen t  day i s  th e  h igh  order o f  performance o b ta in a b le  from th e  
modern su r fa c e  condenser. In t h i s  u n it  are embodied th e  f r u i t s  
o f  years o f  in te n se  r ese a rc h  and i n v e s t i g a t io n ,  and, to  such a 
p i t c h  has th e  techn iqu e  o f  d es ig n  been brought, th a t  fu r th e r  
improvement seems im probable. In  s t r i k i n g  c o n tr a s t  to  t h i s  s t a t e  
o f  a f f a i r s ,  i s  the  p o s i t i o n  w ith  regard to  th e  e v a p o ra tiv e  
condenser , which may be s a id  to  be s t i l l  in  th e  most p r im it iv e  
s ta g e  o f  developm ent, t e c h n i c a l l y  and p r a c t i c a l l y .  This l a t t e r  
a sp ec t  i s  seen  in  the  average c o l l i e r y  e v a p o ra tiv e  condenser,  
which both  in  bulk and in  area covered , i s  out o f  a l l  p ro p o rtio n  
to  i t s  u s e f u ln e s s ,  w h ile  the  shortcom ings on th e  t e c h n ic a l  s id e  
may be gauged from th e  f a c t  th a t  d e s ig n  i s  s t i l l  l a r g e ly  sp ecu la :  
: t i v e .  I t  i s  d i f f i c u l t  to  understand why such an u n p ro g ress iv e
p o l i c y  should  have been pursued, and the  weakness o f  the system
has been f u l l y  exposed in  some r ec en t  a ttem p ts to  d e s ig n  p o r ta b le  
ev a p o r a tiv e  condensers fo r  ra ilw ay  work, which have r e s u l t e d  on ly  
in  c o s t l y  f a i l u r e s .
That t h i s  type  o f  condenser i s  worthy o f  more c o n s id e r a t io n  
may be a p p re c ia te d  from a comparison w ith  th e  standard su r fa c e  
condenser , c o o l in g  tower system . The l a t t e r  scheme com prises  
two se p a r a te  and c o s t l y  u n i t s ,  and th e  c o o l in g  tower must o f  
n e c e s s i t y ,  be capable  o f  d e a l in g  w ith  th e  same amount o f  heat as
|
th e  condenser. The water evaporated  in  the p r o c ess  may equal 85 
per cent o f  the  steam condensed. On th e  o th e r  hand, th e  evapora: 
: t i v e  condenser combines the  condensing and w ater c o o l in g  p r o c esse s  
in  one p la n t ,  th e  l o s s  o f  water by eva p ora tion  i s  no g r e a t e r ,  and 
a much sm a lle r  r a te  o f  w ater c i r c u la t i o n  i s  r eq u ired .
Such advantages as th e s e  cannot be ov er lo o k ed , p a r t ic u la r l j j
f o r  p o r ta b le  u n i t s ,  but th ey  can o n ly  be turned  to  p r a c t i c a l  u se  j
when the p r in c ip le s  o f  th e  heat tr a n sm iss io n  p r o c e s s e s  in v o lv ed  f
i
t
]
are f u l l y  understood , and a r a t io n a l  b a s i s  o f  d e s ig n  e s t a b l i s h e d
When th e  q u es t io n  o f  th e  a p p l ic a t io n  o f  condensers to  
lo co m o tiv es  was f i r s t  r a is e d ,  resea rch  on th e  ev a p o ra tiv e  
condenser was i n s t i t u t e d  at the  Royal T ech n ica l C o l le g e ,  and 
th e  r e s u l t s  o f  the  e a r l i e r  work have a lread y  been embodied in  
an important paper by D .S. Anderson, Ph.D. Much in form ation  o f
a very  v a lu a b le  nature  was ob ta in ed  from th e se  i n i t i a l  i n v e s t i :
:g a t io n s ,  and th e  complex ch a racter  o f  the  problem was f u l l y  
dem onstrated. S ev era l  o f  th e  i s s u e s  r a is e d ,  however, were o f  
a d i s t i n c t l y  c o n t r o v e r s ia l  n a tu re , but the  l im i t e d  scope o f  the  
o r ig i n a l  apparatus, which was d es ign ed  to  d e a l  o n ly  w ith  atmos: 
jp h er ic  steam , p r o h ib ite d  fu r th e r  exam ination o f  th e se  p o in t s .
In order to  carry  development a s ta g e  fu r th e r ,  t h e r e fo r e ,  
th e  in v e s t i g a t io n  d e sc r ib e d  in  t h i s  paper was undertaken, and a 
p r a c t i c a l  type o f  condenser was e v o lv e d , in c o rp o ra t in g  most o f  
th e  f e a tu r e s  l i k e l y  to  be met w ith  under a c tu a l  o p e r a tin g  condi:  
: t i o n s .  The steam s id e  was arranged fo r  working under vary in g  
vacuum, the  c o o lin g  water was c i r c u la t e d  c o n t in u o u s ly ,  and the  
evap ora tion  found d i r e c t l y  from the  decrease  in  w eight o f  th e  
w ater in  the  system . I t  has thus been p o s s ib le  to  carry  out 
t e s t s  under w id e ly  vary in g  c o n d it io n s  on both  steam and w ater  
s i d e s ,  and, i n  consequence, th e  g e n e ra l  d e s ig n  b a s i s  deve lop ed  
may be c o n f id e n t ly  a p p l ie d  to  p r a c t i c a l  c a s e s .
A new l i n e  o f  a tta ck  on the  problem has been developed .
•The component heat t r a n s fe r  p r o c e s s e s  have been s e p a r a te ly  
a n a lysed , and i t  i s  c l e a r l y  dem onstrated th a t  the  g e n e r a l ly  
accep ted  laws o f  heat tr a n sm iss io n  and eva p o ra tio n , are s t i l l  
a p p l ic a b le  to  the  e v a p o ra tiv e  condenser.
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DESCRIPTION o f  PLANT.
The p r in c ip a l  f e a t u r e s  o f  th e  apparatus are shown in  
F ig s .  1 - 3* Fig* 1 g iv e s  the condenser u n i t  in  d e t a i l ,  w h ile  
the  g e n e ra l  arrangement o f  th e  com plete p la n t  i s  i l l u s t r a t e d  in  
th e  o th er  f i g u r e s .  As w i l l  be seen  from F ig .  1 , th e  condenser  
com prises a s i n g l e  b r a ss  tube I T l f M bore , encased  in  a le n g th  
o f  steam p ip in g  S , 3 M in t e r n a l  diam. x 4 f e e t  lo n g . The c o o l in g  
w ater f lo w s  down over th e  in s id e  fa c e  o f  th e  b ra ss  tu b e , and 
i s  swept by th e  a i r  s tream , which a l s o  flow s downward through
th e  tube T. In  th e  annular space between S and T th e  steam i s
condensed.
R e fer r in g  in  d e t a i l  to  th e  f i g u r e ,  a t  th e  bottom end o f
th e  condenser , the  tube T i s  s o l i d l y  brazed to  th e  heavy f la n g e
F, which in  turn  i s  b o l t e d  to  th e  bottom f la n g e  o f  th e  o u ter  p ip e
S. At th e  top  end, p ip e  S i s  c lo s e d  by a b r a ss  c a s t in g  G,
through which tube T p a s s e s ,  b e in g  f e r r u le  packed as in  s tan dard
su r fa c e  condenser p r a c t i c e .  This c a s t in g  G c a r r ie s  a  w ater
thermometer pocket and th e  w ater  i n l e t  p ip e ,  and a l s o  a c t s  as a
header f o r  a d m itt in g  th e  water to  tube T. The i n l e t  a i r  branch
i  <
p ip e  i s  a l s o  b o l t e d  to  G, in  such a manner th a t  a space o f  inchf
i s  l e f t  c le a r  above th e  top  edge o f  tube T. This s l i t  s e r v e s  
to  spread th e  w ater in  an even f i lm  over the  tube s u r fa c e .  The 
i n l e t  a i r  branch c a r r ie s  a f M d ia .  h o le  which se r v e s  the  dual 
purpose o f  a thermometer p o c k e t ,  and window fo r  in s p e c t in g  the  
w ater f i lm .  The steam e n te r s  a t th e  top end o f  the condenser as 
in d ic a t e d ,  and th e  condensate  i s  pumped o f f  through a p assage  in  
th e  f la n g e  F.
The water tem perature a t  four p o in ts  a lon g  the tube i s  
recorded  by th erm o -co u p le s ,  and th e  d e t a i l s  o f  th e  n e c e ssa r y  
f i x i n g  are a l s o  g iv e n  in  F ig .  1 . A m etal pad A, sw eated to  the  
b r a ss  tube T, c a r r ie s  th e  sm all b r a ss  tube B, e x te r n a l  d iam eter .
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A s t e e l  b o s s ,  0 , i s  a l s o  welded to  the  e x te r n a l  steam tu b e , and 
in  t h i s  box i s  in co rp o ra ted  a s t u f f i n g  box. Through t h i s  p a s se s  
B, and lea k age  o f  e i t h e r  a i r  or steam i s  p reven ted  by means o f  
a sb e s to s  packing  and f e r r u le  D. A c y l in d e r  o f  cork , E, in s u l a t e s  - 
th e  therm o-couple  w ires  from the m eta l ,  and i s  a d ju ste d  u n t i l  th e  
a c tu a l  th erm o -ju n c t io n  i s  j u s t  protru d in g  in to  th e  water f i lm ,  as 
in d ic a t e d .  The cou p les  used  were o f  copper-constantA n.
The g e n e ra l  scheme o f  t e s t i n g  i s  b e s t  d e sc r ib e d  by
s
c o n s id e r in g  s e p a r a t e ly  the  c i r c u i t  o f  each f l u i d  in v o lv e d .
Steam C ir c u i t :  Steam t h r o t t l e d  d i r e c t l y  from a b o i l e r  in to  a
vacuum o f  say  24 in c h e s ,  b u i ld s  up an e x tr a -o r d in a r y  su p erh ea t ,  
and i s  th e r e fo r e  u s e l e s s  fo r  vacuum t e s t s  p u rp o rtin g  to  rep resen t  
p r a c t i c a l  condenser c o n d i t io n s .  This d i f f i c u l t y  i s  overcome in  
th e  p resen t  p la n t  by p a s s in g  the  b o i l e r  steam in to  a “vacuum steam  
g e n e r a to r 11, F ig .  2 . This v e s s e l  i s  m ainta ined  about h a l f  f u l l  
o f  w ater , which i s  h ea ted  by the  con d en sa tion  o f  the steam le d  in to  
i t .  From th e  space above th e  w ater a p ip e  S le a d s  d i r e c t l y  
in to  the  condenser , hence the  w ater in  the  g e n e ra to r  b o i l s  a t  a 
tem perature s l i g h t l y  above the  s a tu r a t io n  tem perature a t  th e  
condenser vacuum. Thus, by r e g u la t in g  th e  f lo w  o f  th e  i n l e t  b o i l e r  
steam, a s te a d y  supp ly  o f  low tem perature steam i s  f e d  to  th e  steam  
space o f  th e  condenser . The condensate  o u t l e t  from th e  condenser  
i s  connected  to  the  Edwards a i r  pumps o f  a su r fa c e  condenser  
i n s t a l l e d  in  th e  la b o r a to r y .
C on tro l o f  th e  steam supp ly  i s  e f f e c t e d  by v a lv e  V-j. During 
a g iv e n  t e s t ,  th e  condenser vacuum, recorded on a mercury manometer, 
was kept c o n s ta n t ,  and r e g u la te d  so th a t  th e  o u t l e t  steam  
thermometer Tg, recorded  th e  corresp ond ing  s a tu r a t io n  tem perature,  
or as near to  t h i s  as th e  a ir  con ten t o f  th e  steam p e r m itted . Great 
care  was taken  to  preven t a i r  leak ag e  in to  th e  steam system , but 
th e  su pp ly  steam i t s e l f  co n ta in ed  a f a i r  amount o f  a i r ,  as th e  
b o i l e r  f e e d  c i r c u i t  i s  open. As a r e s u l t  th e r e  was a steam  
tem perature g r a d ien t  a lon g  the  tube in  the  h ig h  vacuum t e s t s ,  and
F I G .  3  
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in  such c a se s  the  mean steam tem perature has been taken  as the  
average o f  th e  s a tu r a t io n  and o u t l e t  tem p eratures .
A ir  C i r c u i t : As a r u le  fans supply  s u f f i c i e n t  a ir  fo r  evapora:
: t i v e  con d en sers ,  but in  th e  p resen t  case  i t  was more con ven ien t  
to  take  th e  a i r  from a compressor s to r a g e  tank. In th^feupply 
p ip e  a m easuring n o z z le  p la t e  i s  f i t t e d  as in d ic a te d  in  F ig .  2 . 
This p la t e  i s  o f  th e  standard type fo r  p ip e  f lo w  work, the  
manometer co n n ec tio n s  b e in g  taken from e i t h e r  s id e  o f  th e  n o z z le  
out through th e  body o f  th e  p l a t e .  The manometers record the  
p r e ssu re  drop a c ro ss  the  n o z z le  in  i n s .  w ater , and the a ir  
p ressu re  on th e  bottom s id e  o f  th e  p l a t e .  In  order to  m inim ise  
th e  d is tu rb a n ce  s e t  up. in  the  a i r  strain, a r e l a t i v e l y  la r g e  siz< 
n o z z le  i s  u sed . The hum idity o f  the  supply a i r  i s  found by 
tapp ing  o f f  a stream o f  a i r  b e fo r e  the  n o z z le  and p a s s in g  i t  over  
a wet and dry bulb hygrom eter. The tem perature o f  the  a i r  at  
i n l e t  to  the  condenser tube i s  taken at T^. The a i r  stream  
p a sse s  through th e  condenser , c o l l e c t i n g  th e  vapour evo lved  
from the  w a ter , and at th e  o u t l e t  end i s  d iv e r te d  through roughly  
180° and thu s p rev en ted  from c a rry in g  o f f  s o l i d  watdr in  
su sp en s io n .
Water C i r c u i t : The water c i r c u la t i o n  i s  m ainta ined  by a gear
pump, P , F ig .  2 , which i s  d r iv en  by a sm all shunt, motor, 
f i t t e d  w ith  a r h e o s ta t  in  the  armature c i r c u i t .  A l t e r a t io n  o f  
the r a te  o f  c i r c u l a t i o n  i s  e f f e c t e d  by vary in g  the motor speed .  
From the pump a lon g  copper p ip e ,  b o re , le a d s  to  the header  
at the  to p  o f  th e  condenser , whence th e  water p a sse s  to th e  inner  
tub e, as p r e v io u s ly  d e sc r ib e d .  Although l i t t l e  d i f f i c u l t y  was 
ex p e r ien ce d  i n  m a in ta in in g  a water f i lm  w ith  th e  vacuum t e s t s ,  
in  order to  ensure r e g u la r i t y  o f  r e s u l t s ,  the  inner  tube su r fa c e  
was fa ce d  w ith  a f i n e  s i l k  w id e ly  meshed n e t .  At the fo o t  o f  the  
tube th e  unevaporated  w ater  i s  c o l l e c t e d  in  th e  m etal cone, where 
i t s  tem perature i s  taken  a t  T^, and i s  p a ssed  back to  the sto ra g e
tank as shown. In a d d it io n  th e  tem perature o f  th e  water le a v in g  
the  tube was taken . In e a r l i e r  t e s t s  a c a l ib r a t e d  w eir  was f i t t e d  
below the  cone to  measure th e  r a te  o f  water c i r c u l a t i o n ,  but 
i t  was found to  be more accu ra te  to  measure th e  w ater  f lo w  
d i r e c t l y ,  b e fo r e  and a f t e r  each t e s t .  The s to r a g e  tank i s  p la c ed  
on a w eigh ing  machine, and a f l e x i b l e  tube le a d s  from th e  fo o t  
o f  the  tank to  th e  s u c t io n  o f  pump P. With a con stan t r a te  o f  
water c i r c u l a t i o n ,  and no evap o ra tio n  ta k in g  p la c e ,  the b a lan ce  
read ing  remains c o n s ta n t .  With ev a p o ra tio n , however, the  a ir  
c a r r ie s  o f f  a p ercen tage  o f  the  water as vapour, and the  l o s s  
due to  t h i s  i s  recorded  by a d ecrea sed  ba lan ce  read ing .
The le a d s  from the  fou r  water therm o-couples are taken  
to  a common sw itc h  box, where the c o ld  ju n c t io n  temperature i s  
read  on Ty. Leads are a ls o  tak en  from the box to  a c a l ib r a te d  
Cambridge m i l l i v o l t - m e t e r ,  which by means o f  a four way sw itc h ,  
may be put in  c i r c u i t  w ith  each o f  the  therm o-couples s e p a r a te ly .
B efo re  con c lu d in g  t h i s  s e c t i o n ,  i t  may be s t a t e d  that  
p rev io u s  to  s t a r t i n g  th e  t e s t s ,  th e  b a la n ce ,  gauges and thermome: 
: t e r s  were c a l ib r a t e d .  No t e s t  was s t a r t e d  u n t i l  a l l  c o n d it io n s  
had been s te a d y  f o r  a t  l e a s t  15 m in u tes . The a c tu a l  le n g th  o f  
a t e s t  depended on th e  r a te  o f  e v a p o ra tio n , th e  average time  
b e in g  about 25 m in u tes .
The p r in c ip a l  observed  read in gs and d e r iv e d  r e s u l t s  are  
g iv en  in  T ables 1- 3 , w h ile  the  main fe a tu r e s  o f  the  c a lc u la t io n s  
are d e a lt  w ith  in  th e  fo l lo w in g  s e c t i o n .
TEST MEASUREMENTS AND REDUCTION OF DATA.
(a) C a lc u la t io n  o f  A ir  Flow. A pure-convergent n o z z le ,  IlE  M 
diam eter , was u sed , and th e  p r e ssu re  drop a c r o ss  i t  was v a r ie d  
from 1 to  23 in ch es  o f  w ater . The q u an tity
o f  a i r  p a s s in g  was c a lc u la t e d  on the  
f o l lo w in g  b a s i s :
-  5 -
Let w =
/ Z
Pl»P2 s
v l > v 2 =
al ’a2
7
s p e c i f i c  w eight o f  a i r ,  lb . / f t  , taken  
as co n sta n t over the  g iv e n  p ressu re  
range.
a i r  p r e ssu re  l b / f t  a t  s e c t i o n s  (1)  
and ( 2 ) .
a i r  speed  f t / s e c .  M M
and ( 2 ) .
2c ro ss  s e c t i o n  f t  M M
and (2)
Then, by B e r n o u l l i ' s  e q u a t io n ,
( i )
2 g.(P]_ -  P2>
wf  - ( i ) 7
And lb .  a i r  p a s s in g  per  s e c .  -  Cd. ag . w. v 2— ( 2 )
Where Od, th e  c o e f f i c i e n t  o f  d isch arge  was taken as O.97.
A lso ,  i f  Hi = p r e ssu re  at ( 1 ) ,  in ch es  Hg.
and = tempr. " * °F abs .
and h = p r e s s r .  drop a c r o s s  n o z z le ,  i n s .  water
Then PI
53.3  T
and (px -  pg ) = 5 .2  h .
1.33  ^
Combining (1 )  and (2) and making thg above s u b s t i t u t io n s  
g iv e s  f i n a l l y  fo r  th e  a i r  f lo w  through a f e  n o z z le ,
W l b / s e c .
Hnh
.0216 /  f —
The s m a l le s t  a i r  sp eed  u sed  corresponded to  a f lo w  r a te  
in  the condenser tube o f  0 .J6 l b / s e c / s q .  f t . ,  w h ile  th e  c r i t i c a l  
v e l o c i t y  fo r  a i r  in  th e  tu b e , w ith  a i r  a t  180°F, i s  in  th e  r eg io n  
o f  0 .2 2  l b / s e w . / s q .  f t .
(b) Measurement o f  E vaporation . T his was e s t im a te d  by means o f  
a s to p  watch and an a c cu ra te  b a la n c e .  The s e n s i t i v i t y  o f  th e  
ba lan ce  was in c r e a se d  by a r t i f i c i a l l y  r a i s in g  th e  c e n tr e  o f  grav ity )
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o f  th e  beam, so th a t  th e re  was a d e f i n i t e  movement o f  the  beam 
between i t s  s to p s  w h ile  p a ss in g  through th e  p o in t  o f  b a la n c e .
At the  b eg in n in g  o f  a t e s t ,  the  r id e r  on the  beam was s e t  a t  a  
noted w e ig h t ,  and when, due to  th e  l o s s  o f  w ater from evaporation ,  
the  beam swung through th e  b a la n ce  p o in t ,  th e  watch was s t a r t e d .  
This was rep ea ted  fo r  s u i t a b l e  w eight decrem ents, the  tim e b e in g  
noted  in  each in te rm e d ia te  c a se .  The r e s u l t s  were then p l o t t e d  
as in d ic a t e d  in  F ig .  4 ,  and th e  g r a d ien t  o f  th e  s t r a ig h t  l i n e  
graph gave d i r e c t l y  th e  r a te  o f  eva p o ra tio n  during th e  t e s t .  The 
r e s u l t s  o b ta in e d  in  t h i s  way were remarkably c o n s i s t e n t ,  and fo r  
any g iv e n  t e s t  th e  p l o t t e d  p o in t s  always la y  on or very  c lo s e  to  
the mean l i n e .  The o u ts ta n d in g  advantage o f  th e  method, however, 
i s  th a t  i t  a c t s  as a check on the  s t e a d in e s s  o f  c o n d it io n s  during  
a t e s t ,  s in c e  vary in g  c o n d it io n s  would be in d ic a t e d  by uneven  
p l o t s .  The o n ly  p o s s i b l e  so u rces  o f  error  which might occur are  
leakage in  the water system , and th e  c a rr y in g  o f f  by the  a ir  
stream o f  s o l i d  unevaporated  p a r t i c l e s  o f  w a ter . Freedom from 
the  former tr o u b le  was ensured  by v e ry  c a r e fu l  packing o f  a l l  the  
j o i n t s  concerned; and lengtfthy  t e s t s  w ith  an a i r  vacuum in  the  
steam sp a ce ,  and no a i r  f lo w  on th e  w ater  s i d e ,  f a i l e d  to  r e v e a l  
any m easurable leak a ge  even w ith  th e  sm a l le s t  amount o f  water  
c i r c u la t i n g .  Regarding th e  l a t t e r  tr o u b le  m entioned above, i t  
was found th a t  th e r e  was a maximum a i r  speed below  which no 
v i s i b l e  w ater  g lo b u le s  were c a r r ie d  o f f ,  and th e  h ig h e s t  a i r  speed  
used , about 25 f e e t  per s e c ,  was w e l l  below t h i s  maximum.
A c e r t a in  amount o f  w ater  i s  evaporated  between th e  
condenser o u t l e t  and th e  en try  to  th e  s to r a g e  tank , and i t  i s  
n ecessa ry  to  c o r r e c t  the  t o t a l  e v a p o ra tio n  fo r  t h i s ,  to  f in d  the  
a c tu a l  ev a p o ra tio n  in  th e  tu b e . This c o r r e c t io n  i s  s im p le , as the  
heat l o s t  by th e  c i r c u l a t i n g  water between th e  above two p o in ts  
i s  known. This heat i s  a d i r e c t  measure o f  th e  v a p o r is a t io n  
which has taken  p la c e ,  and i s  co n v erted  to  e q u iv a le n t  evap oration  
by d iv id in g  by th e  h ea t  req u ired  per lb  vapour formed. A l l  
evaporation  r a te s  are based  on a water a i r  su r fa c e  o f  I . 9 0  sq . f t .
Co n d e n s e r  L e n g t h - F t
( o  5 .
VIg t f r  Te m p *- f R o m
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The s e r i e s  r e p r e se n te d  in  F ig .  4 com prised t e s t s  w ith  
vary in g  w ater f lo w , and a con stan t  a i r  sp eed . The method o f  
p l o t t i n g  in d ic a t e s  very  c l e a r l y  how l i t t l e  th e  e v a p o ra tio n  r a te  
i s  a f f e c t e d  hy a l t e r a t i o n  in  th e  water su p p ly , s in c e  the  g r a d ien t  
i s  p r a c t i c a l l y  equal in  each c a se .
Measurement of Water Temperature by Thermo-Couples.
B efore  b e in g  put in  p o s i t i o n ,  th e  co u p le s  were c a l ib r a t e d
in  w ater , a g a in s t  a standard  mercury thermometer, fo r  tem peratures  
^ 0 0
from 60 F to  212 F. From t h i s  a  graph was p l o t t e d  o f  tem perature  
d i f f e r e n c e  (hot ju n c t io n  -  c o ld  ju n c t io n )  to  a base  o f  m i l l i v o l t s ,  
on which a range o f  150°F corresponded to  3 .8  m i l l i v o l t s .  The 
s c a le  on th e  m i l l i v o l t m e t e r  i s  su b d iv id ed  in to  0.01  m .v. During 
a t e s t ,  th e  c o ld  ju n c t io n  tem peratures and th e  m i l l i v o l t m e t e r  
read in g  fo r  each c o u p le ,  were taken  a t  i n t e r v a l s ,  and th e  mean 
tem perature read in gs p l o t t e d  to  a b ase  o f  condenser le n g t h ,  as in  
F ig .  5. In  a d d it io n  th e r e  have been  added to  the  f i g u r e ,  fo r  each  
t e s t ,  th e  i n l e t  and o u t l e t  w ater tem p eratu res , as record ed  on th e  
r e s p e c t iv e  mercury therm om eters. A curve was c o n s tr u c te d  through  
each s e t  o f  p o i n t s ,  and from t h i s  th e  mean w ater  tem perature over  
th e  tube was found. The f ig u r e s  show th e  e f f e c t  o f  in c r e a se d  a ir  
speed on th e  water tem perature; f o r  a g iv e n  a i r  sp eed  th e r e  was 
l i t t l e  v a r ia t i o n  in  th e  w ater tem perature w ith  d i f f e r e n t  w ater  
f l o w s .
With a few e x c e p t io n s  th e  r e s u l t s  may be c o n s id er ed  very  
r e g u la r ,  in  v iew  o f  th e  co m p arative ly  d e l i c a t e  n a tu re  o f  th e  
o b s e r v a t io n .  The o n ly  i r r e g u l a r i t i e s  encountered  were w ith  the  
top  therm o-couple  in  th e  atm ospheric  steam t e s t s ,  which appeared  
to  read h ig h .  I t  was p b served , however, th a t  during th e s e  t e s t s  
the i n l e t  steam cu rren t im pinging on th e  tube above th e  coup le  
c rea ted  a l o c a l  tu r b u le n t  e f f e c t ,  resem bling  e b u l l i t i o n ;  t h i s  
d is tu rb a n ce  which was e n t i r e l y  absen t w ith  th e  low er steam
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tem perature t e s t s  was damped out very  q u ic k ly .  The on ly  d ir e c t  
a p p l ic a t io n  o f  th e  mean w ater tem perature i s  in  th e  c a lc u la t io n  
of Mh i M, th e  steam to  w ater  heat tr a n sm is s io n  c o e f f i c i e n t ,  and 
in  v i e w  o f  th e  above u n c e r ta in t y ,  th e  ,,h1M v a lu e s  w ith  atm ospheric  
steam have not been c o n s id e r e d .
The f a l l i n g  o f f  in  w ater  tem perature in  th e  l a t t e r  end o f  
th e  condenser may be taken  as ev id en ce  o f  th e  in c r e a s in g  c a p a c ity  
o f  th e  a i r  stream  to  absorb vapour, and t h e r e fo r e  h e a t ,  from the  
w ater. This e f f e c t  would not proceed  i n d e f i n i t e l y ,  however, as 
a f t e r  a c e r t a i n  le n g th  e q u il ib r iu m  would f i n a l l y  be e s t a b l i s h e d  
when th e  a i r  became sa tu r a te d  at th e  w ater tem perature.
The Heat B a la n c e .
Throughout th e  remainder o f  the  paper th e  fo l lo w in g  
symbols are  u sed .
o
Ts -  steam tem p erature , F.
T -  w ater M , °F .
t  -  a i r  M , °F .
w -  w ater  f lo w , l b / s e c .
wa -  a i r  “ l b / s e c .
v -  w ater  vapour i n i t i a l l y  a s s o c i a t e d  w ith  a i r  l b / s e c .
s a -  s p e c i f i c  heat o f  dry a i r .
8V -  M M w ater  vapour.
pa -  p a r t i a l  a i r - p r e s s u r e ,  i n s .  Hg.
pv H vapour “ i n s .  Hg. 0
Ht -  t o t a l  h ea t o f  w ater vapotar a t  t  F B.Th.U / l b .
h^ -  l i q u i d  h eat o f  w ater a t  T F, B .T h .U . / lb .
e -  w ater  evaporated  in  condenser -  l b / s e c .
The t o t a l  h ea t t r a n s m it te d  through th e  tube s u r fa c e  was 
c a lc u la t e d  on the  f o l lo w in g  b a s i s .  The i n l e t  and o u t l e t  a i r
co n d it io n s  are c o n v e n ie n t ly  r e p r e se n te d  d ia gram m atica lly  as shown.
I n le t  O u t l e t .
w & t i  ~ ___ w& @ t2
(e + v) @ tg
—^ ( w - e )  & ?2
Then, Heat to  dry a i r  B .T h .U /se c .  ■ wa .8 a . ( t 2  -  t ^ ) ------------- (1)
" “ i n i t i a l  vapour " = v/H^g -  H ^ ) -------------------(2)
e v o lv e d  vapour, * = e.(H-fcg -  hx^ )-------------------- ( 3 )
Steam at
* su rp lu s  w a ter , ■ = ( w - e ) . ( T 2  -  T^)------------- (4)
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The f i r s t  th r e e  terms may be combined to  g iv e  I
T o ta l  Heat c a r r ie d  o f f  by th e  a i r ,  B .T h .U . / s e c .  !
= " 32) + (v + e ) . -  WaSa ( t 1 -  32) -  vH^ -  ehXx
= wa {  [ s a ( t 2 -  32) + Ht J  - [ s a.( tx- 3 2 )  I ehTl
V  r: V i e  V
■ wa I  T o ta l  heat o f  m oist a i r  a t  tg , ,(v a p r . co n ten t  wa l b / l b  a iq
“ a t  “ £  l b / l b  a ii
-  ehTi ------------------------------ _ ( 5 )
Thus, T o ta l  heat t r a n s m it te d  through tu b e , B .T h .U /se c .
= ( 4 ) + ( 5 )
E x p re ss io n  (5 )  i s  a very  s u i t a b l e  form f o r  c a l c u l a t io n  
purposes as standard graphs o f  “Vapour C ontent1’ , and "Air T o ta l  
H eat” per  l b .  a i r  may be r e a d i ly  p l o t t e d  to  a b a se  o f  a ir  
tem perature. These graphs vary a l i t t l e  w ith  atm ospheric  
p r e ssu re .  The t o t a l  heat o f  th e  a i r  e n te r in g  th e  condenser i s  
known from i t s  observed  tem perature and hu m idity . The vapour  
content o f  th e  a i r  a t o u t l e t  i s  a l s o  known from i t s  i n i t i a l  
hum idity and th e  measured evap oration ; and ta k in g  the  a i r  as  
s a tu r a te d ,  th e  corresp ond ing  a i r  t o t a l  heat and mean tem perature  
at o u t l e t  are  got from th e  above m entioned stan dard  c h a r ts .
In  c o n n e c tio n  w ith  th e  e x p r e s s io n  f o r  th e  heat n e c e s s a r y  
fo r  e v o lu t io n  o f  th e  vapour, an e rr o r  fr e q u e n t ly  made i s  to  assume 
th at th e  h ea t  r e q u ir e d  p er  l b .  vapour i s  s im ply  th e  Latent Heat 
at the w ater tem perature, i . e .
Heat o f  V a p o r iz a t io n  -  eL<p B .T h .U . / s e c .  (a)
Comparing (a ) w ith  (3) above, i t  i s  e v id e n t  th a t  (a)  
only  a p p l ie s  where th e  f i n a l  tem perature o f  th e  vapour i s  equal  
to  the w ater  tem perature.
THE HEAT TRANSFER PROCESSEB.
In  th e  ty p e  o f  i n v e s t i g a t i o n  a t  p r e se n t  under d i s c u s s io n ,  j 
the u l t im a te  aim o f  r e se a r c h  may be regarded as th e  e s ta b l ish m e n t  |
-  10  -
o f  a working th eory  or h y p o th e s i s ,  which covers  a l l  exp erim en ta l  
r e s u l t s  and i s  r e a d i ly  a p p l ic a b le  to  p r a c t i c a l  u s e .  In the  
development o f  such a scheme th e re  are  th ree  d i s t i n c t  s t a g e s .
F i r s t ,  a p rev io u s  a n a ly s i s  o f  the  v a r ia b le s  in v o lv e d  and t h e i r  
in c o r p o r a t io n  in  a s im ple  r a t io n a l  th e o r y ,  based  on a c ce p ted  
fundamental p h y s ic a l  laws; s e c o n d ly ,  the  a p p l ic a t io n  o f  t h i s  
theory  to  g iv e n  exp erim en ta l r e s u l t s ;  and l a s t l y ,  i f  p o s s i b l e ,  
a comparison o f  the f i n a l  v a lu e s  o b ta in ed  w ith  th o se  o f  a r e la t e d  
nature  fo r  a lrea d y  e s t a b l i s h e d  t h e o r i e s .  Such a l i n e  o f  d evelop :  
:ment has been fo l lo w e d  in  th e  i n v e s t i g a t i o n  d e sc r ib e d  in  t h i s  
papdr and th e  p r e sen t  s e c t i o n  i s  devoted  to  a b r i e f  c o n s id e r a t io n  
o f  the p r i n c ip l e s  go vern in g  th e  v a r io u s  heat t r a n s f e r  a c t io n s  in  
the e v a p o r a tiv e  condenser .
There are four  component p r o c e s s e s  in v o lv e d .  These are ,  
f i r s t  th e  heat exchange between th e  steam and c o o l in g  s u r fa c e ,  
and se c o n d ly ,  th e  m eta l to  w ater in terch an g e  on th e  o th e r  s id e  o f  
the  tub e. At th e  w a te r -a ir  i n t e r f a c e ,  two s im u ltan eou s a c t io n s  are  
in v o lv e d ,  th e  c o n v e c t iv e  h e a t in g ,  by th e  w ater , o f  th e  a i r ,  and 
i t s  a s s o c ia t e d  vapour, to g e th e r  w ith  th e  p r o c e s s  in v o lv in g  th e  
con vers ion  o f  a p o r t io n  o f  th e  c o o l in g  water in to  vapour a t  the  
a ir  tem perature.
Steam-Metal-Water Heat T r a n s fe r . In  ord in a ry  su r fa c e  condenser  I 
in v e s t i g a t io n s  th e  laws govern ing  th e  r a te  o f  h ea t t r a n s f e r  are  
s t ip u la t e d  from R e y n o ld s1 work, and, f o r  the  purposes o f  d e s ig n ,  
the exp erim en ta l r e se a r c h e s  are concerned o n ly  w ith  th e  determ ina: j 
: t io n  o f  a  s i n g l e  cu rve , g iv in g  th e  v a r ia t i o n  o f  the  heat tr a n s :  
:m iss ion  c o e f f i c i e n t ,  from steam to  w a ter , on a base  o f  c o o l in g  
water sp eed . S t r i c t l y  sp ea k in g , two curves are n e c e s s a r y ,  one 
covering steam to  m e ta l ,  and th e  o th e r  g iv in g  th e  t r a n s f e r  r a te  
from m eta l to  w a ter , but i t  has been  found th a t  one o v e r a l l  curve  
meets a l l  d e s ig n  n e e d s ,  prov id ed  the  steam s i d e  c o n d it io n s  are j 
s im i la r  in  th e  p r a c t i c a l  and exp er im en ta l p l a n t s .
P a ss in g  to  th e  e v a p o r a t iv e  condenser , so fa r  as
i s  aware, the  c o o l in g  p r o c e ss  i s  s im i la r  to  th a t  in  a su r fa c e  
condenser* In th e  l a t t e r  c a s e ,  the  water i s  c o o le d ,  e*g* , by 
evap oration  in  c o o l in g  to w ers ,  between e x i t  and e n tr a n c e ,  w h ile  
in  the  e v a p o r a t iv e  condenser the  c o o l in g  of th e  water by the  
a ir  ta k es  p la c e  c o n t in u o u s ly  a lo n g  th e  condenser l e n g t h .
O therw ise, th e  m eta l-w ater  h eat in terch a n g e  i s  i d e n t i c a l  in  
both c a s e s ,  b e in g  p r o p o r t io n a l  to  the  d i f f u s i o n  a t  th e  m etal  
s u r fa c e ,  and a l s o  to  th e  tem perature d i f f e r e n c e  between m etal  
and water* C on sequ en tly , an o v e r a l l  h ea t  t r a n sm iss io n  c o e f f i :  
j c i e n t  may be a l s o  a p p l ie d  to  e v a p o r a t iv e  condenser design*
For t h i s  new c o e f f i c i e n t  R eynold ’ s eq u ation  must 
s t i l l  h o ld ,  H ss (A + B p f(v )  ) (Ts -  T ) ,  but th e
a d d it io n  o f  th e  ev a p o ra tio n  e f f e c t  m o d if ie s  th e  u su a l  a p p l i c a t io n  
of the  eq u ation  in  two r e s p e c t s *  The f a c t o r  “A" i s  in c lu d ed  
to  cover “the  in t e r n a l  d i f f u s i o n  o f  th e  f l u i d  when a t  r e s t " ,  
and in  ord in ary  c o n v e c t iv e  problem s, t h i s  f a c t o r  i s  o f t e n  
n e g l ig ib le *  C on sid er , however, th e  c a se  o f  ev ap o ra tio n  ta k in g  
p la c e  from a h o r iz o n t a l  water s u r f a c e .  I t  then  becomes p o s s i b l e  
fo r  an a p p r e c ia b le  h eat f lo w  to  be e s t a b l i s h e d  between th e  h e a t in g  
su r fa c e  and th e  w a ter , w ith o u t  th e  w ater b e in g  g iv en  a p o s i t i v e  
v e l o c i t y .  This i s  due to  th e  f lo w  o f  h e a t  from th e  water su r fa c e  
in to  the  a i r  c a u s in g  c o n v e c t io n  cu r re n ts  to  be s e t  up w i t h in  the  
w ater . Thus, a t  zero  w ater v e lo c i t y ," h "  s t i l l  has an a p p r e c ia b le  
v a lu e .  I f  th e  w ater  i s  g iv e n  a d e f i n i t e  v e l o c i t y  p a s t  th e  s u r fa c e ,  
th ere  w i l l  be a co rresp on d in g  in c r e a s e  in  th e  r a t e  o f  h ea t  t r a n s f e r ,  
as in  pure c o n v e c t iv e  h e a t in g .  Thus, w ater  v e l o c i t y  i s  s t i l l  th e  
c o r r e c t  b a s i s  o f  comparison fo r  th e  h eat tr a n sm is s io n  c o e f f i c i e n t  
in  ev a p o r a tiv e  co n d e n ser s .  An a b s o lu t e ly  r i g i d  e s t im a te  o f  
t h i s  v e l o c i t y  i s  im p o ss ib le  as th e  n a tu re  o f  th e  f lo w  in  such  
steam -heated , a i r - c o o l e d  f i lm s  i s  v ery  in d e te r m in a te .  A measure 
of the  v e l o c i t y ,  however, s u f f i c i e n t l y  a c cu ra te  fo r  a p r a c t i c a l  
b a s is  o f  comparison may be ob ta in ed  i f  lam inar f lo w  i s  
assumed in  the  f i l m .  As shown l a t e r ,  a mean water v e l o c i t y
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may th en  be c a lc u la t e d  from th e  standard hydro-dynam ical  
r e l a t io n s h ip s  fo r  f l u i d  f lo w  in  open c h a n n e ls .
The e f f e c t  o f  e v a p o ra tio n  a ls o  ca u ses  a m o d if ic a t io n  
in  th e  tem perature d i f f e r e n c e  f a c t o r .  In the  su r fa c e  condenser  
th e  tem perature d i f f e r e n c e  between steam and w ater  f o l lo w s  a 
h y p e r b o l ic  law through the  condenser , and th e  mean i s  c a lc u l :  
:a b le  on a logw form ula , c o v er in g  o n ly  i n l e t  and o u t l e t  tempera: 
:tu re  d i f f e r e n c e .  I t  may s a f e l y  be s a id ,  however, th a t  no 
genera}, form ula, in v o lv in g  o n ly  i n l e t  and o u t l e t  water  
temperatureq/can p o s s i b l y  be u sed  fo r  th e  mean tem perature  
d i f f e r e n c e  in  th e  e v a p o r a tiv e  condenser; some o f  th e  p o s s ib l e  
tem perature v a r ia t io n s  are w e l l  i l l u s t r a t e d  in  F ig .  5 . The 
method employed in  th e  p r e se n t  t e s t s ,  o f  d i r e c t l y  measuring  
th e  tem perature d i f f e r e n c e  betw een steam ahd w ater r e p r e se n ts  
th e  o n ly  a ccu ra te  means o f  d eterm in ing  Mh i M. F o r tu n a te ly  th e  
a p p l ic a t io n  to  p r a c t i c e  i s  not so  d i f f i c u l t ,  as the  w ater then  
c i r c u l a t e s  c o n t in u o u s ly  w ithout c o o l in g ,  and s u f f e r s  l i t t l e  
tem perature change through th e  condenser .
The Heat T ra n sfer  at th e  Water A ir  I n t e r f a c e .  The p r o c ess  o f  the  
c o n v e c t iv e  h e a t in g  o f  th e  a i r  and i t s  e n tr a in e d  vapour i s  a 
sim ple heat tr a n sm is s io n  problem, analagous to  the  m e t a l - a ir  
in terch a n g e  in  tu b u la r  a i r  h e a t e r s .  As su ch , i t  i s  r e d u c ib le  
t o  a s im i la r  s im p le  b a s i s  in v o lv in g  o n ly  a h ea t  t r a n sm iss io n  
c o e f f i c i e n t ,  a i r  sp eed  and tem perature d i f f e r e n c e .  In  a d d it io n ,  
however, to  th e  f l u i d  d i f f u s i o n  s e t  up by th e  r e l a t i v e  m otion  
between th e  a i r  and th e  w ater s u r fa c e ,  th e r e  i s  an a d d i t io n a l  
amount o f  d i f f u s i o n  caused  by th e  e v a p o ra tio n  ta k in g  p la c e  at  
the  s u r fa c e .
i . e .  H = (A + « e )  + B p f .(T a ))  (T -  t ) .
The ev a p o ra tio n  f a c t o r ,  f ( e )  i s  in  tu rn  a f u n c t io n  
o f  the  a i r  sp eed  v a , hence v & may be c o n v e n ie n t ly  tak en  as a  
b a s i s  o f  com parison, f o r  th e  h ea t  tr a n sm is s io n  c o e f f i c i e n t ,  
in c o r p o r a t in g  both  d i f f u s i o n  e f f e c t s .  For a g iv e n  a i r  sp eed ,
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th e  ev a p o r a tio n  e f f e c t  w i l l  be r e f l e c t e d  in  a h igh er  v a lu e  o f  
, than fo r  th e  u s u a l  m etal a i r  ca se  w ithout ev a p ora tion .
The p r o c e s s  o f  eva p o ra tio n  o f  a p art o f  th e  c o o l in g  water  
r e p r e se n ts  th e  o u ts ta n d in g  f e a t u r e  o f  the  condenser . The 
s u b je c t  o f  e v a p o ra tio n  from w ater su r fa c e s  in to  a i r  has  
r e c e iv e d  a g r ea t  d e a l  o f  a t t e n t i o n  from p h y s i c i s t s ,  and has  
lo n g  been r e c o g n ise d  by them as a p r o c ess  o f  d i f f u s i o n .  Water 
vapour i s  regarded as a gaseous c o l l e c t i o n  o f  water m o le c u le s .  
In in t im a te  c o n ta c t  w ith  any w ater  s u r fa c e ,  prov id ed  th e  water  
i s  not b o i l i n g ,  th e r e  i s  always a la y e r  o f  a i r  c o n s ta n t ly  
b e in g  charged w ith  m o lec u les  from th e  w ater and, t h e r e f o r e ,  
sa tu r a te d  w ith  vapour at a p r e ssu r e  corresp ond ing  to  th e  water  
tem p era tu re . So lo n g  as the  vapour p r e ssu re  in  t h i s  la y e r  i s  
g r e a te r  than th a t  in  th e  a i r  beyond, th ere  i s  a s te a d y  
d i f f u s i o n  outwards o f  th e  h ig h er  p r e ssu re  vapour. The r a te  
o f  d i f f u s i o n ,  and th e r e fo r e  o f  e v a p o r a tio n , i s  thus dependent,  
o th er  f a c t o r s  rem aining c o n s ta n t ,  on the  d i f f e r e n c e  between  
th e  s a t u r a t io n  p r e ssu r e  at th e  w ater tem perature , and th e  
mean vapour p r e ssu re  in  the  main body o f  th e  a i r .  In  a d d it io n ,  
i n  accordance w ith  th e  fundamental laws o f  f l u i d  d i f f u s i o n ,  
the  r a te  o f  ev a p o r a tio n  i s  a l s o  p r o p o r t io n a l  to  the  eddy 
d i f f u s i o n  s e t  up by th e  p assag e  o f  a  p o s i t i v e  a i r  cu rren t over  
th e  w ater  s u r fa c e .  The p r o c e ss  i s  very  s im i la r  to  th e  
ord in ary  c a se  o f  heat t r a n s f e r  by d i f f u s i o n  and may be 
r e p r e se n te d  by th e  same ty p e  o f  eq u a tio n .
Thus, i f  E * r a t e  o f  e v a p o r a tio n  l b / f t  / s e c .
The f a c t o r ,  -  pt  , i s  th e  e q u iv a le n t  o f  whM, 
and may be termed th e  “C o e f f i c i e n t  o f  D i f f u s io n 11. As se e n
Va -  v e l o c i t y  o f  a i r  r e l a t i v e  to  w ater su r fa c e
f t / s e c .
p«P » s a t u r a t io n  p r e ssu re  at w ater terapr.- in s .H g
Pt « p a r t i a l  vapr. p r e ssu re  in  a i r  -  i n s ..H g
(a)
on Ev a p o r a t i o n
Ft 6 6 .
Ef f e c t  o f  Nr  t e r  Te m p e r a t u r e  .
De w  Po n t
/
Ff/BMMj
9 _________1
-  14  -
from eqn. ( a ) ,  th e  proper b a s i s  o f  comparison fo r  t h i s  
c o e f f i c i e n t  i s  r a te  o f  a i r  f lo w ,  as w ith  the  c o n v e c t iv e  h ea t in g  
c o e f f i c i e n t .
S in ce  ev a p o ra tio n  i s  p u re ly  a su r fa c e  e f f e c t ,  the  
above laws should  h o ld  fo r  th e  water f i lm  s u r fa c e s  in  the  
e v a p o r a tiv e  condenser , in  th e  same way as fo r  th e  s u r fa c e  o f  |
i
la r g e  w ater b o d ie s .  T his i s  f u l l y  confirm ed in  th e  r e s u l t s  !
o f  the  p r e sen t  t e s t s .  For a g iv e n  a i r  sp eed , the s o l e  f a c t o r  
c o n t r o l l i n g  e v a p o ra tio n  i s  the  vapour p r e ssu re  d i f f e r e n c e  
betw een th e  w ater and th e  a ir ;  n e i th e r  f i lm  th ic k n e s s  nor  
w ater  v e l o c i t y  have any d i s c e r n ib le  e f f e c t .  The mode o f  
e v a p o r a tio n  i s  w e l l  i l l u s t r a t e d  by F ig .  6 in  which E vaporation  
R ates have been p l o t t e d  to  a b a se  o f  mean water tem perature.
The g iv e n  curves are e x a c t ly  s im i la r  in  tren d  to  th o se  ob ta in ed  
by p a s s in g  a i r  over a t i l l  water m ainta ined  a t  a con stan t  
tem perature; such a curve, to  a sep a ra te  s c a l e ,  i s  shown 
d o t t e d .  For th e  t e s t  s e r i e s ,  th e  average dew p o in t  o f  th e  
supply  a i r  was 60°F , and t h i s ,  o f  co u r se ,  marks the  lo w e st  
w ater  tem perature a t  which ev a p o r a tio n  i s  p o s s i b l e .  From th a t  
p o i n t ,  th e  e v a p o ra tio n  curves r i s e ,  w ith  an in c r e a s in g  g r a d ie n t ,  
and f i n a l l y  ten d  to  a very  h ig h  r a te  o f  e v a p o ra tio n  fo r  b o i l i n g  
w ater .
C e r ta in  workers* in  t h i s  f i e l d  have encountered  
rather  anomalous ev a p o r a tio n  r e s u l t s  in  t h e i r  work, such as  
h ig h e r  r a te s  o f  e v a p o ra tio n  w ith  low water tem peratures than  
w ith  w ater  f i lm s  much h ig h er  in  tem perature. These phenomena, 
however, have s in c e  been found to  be due to  e b u l l i t i o n  caused  
by e n tr a in e d  a ir  b e in g  d e p o s i te d  from s o l u t i o n  in  the  w ater.
In  th e  p r e se n t  s e r i e s  o f  ex p er im en ts ,  and in  p r a c t i c e ,  where 
th e  same w ater i s  c i r c u la t e d  c o n t in u o u s ly ,  th e  sm all a i r  
con ten t  o f  th e  w ater has n e g l i g i b l e  e f f e c t ,  and hence e b u l l i t i o n  
e f f e c t s  are  a b se n t .
x e . g .  * Anderson, J o u r n a l ,  Royal Technical. C o l le g e ,  1925*
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Evaporation  i s  a l s o  a heat tr a n sm is s io n  p r o c e s s ,
and the  hesfc l o s s  e x p er ien ced  by th e  w ater i s  a measure o f  the  I
energy req u ired  to  s u s t a in  th e  outward f lo w  o f  water m o le c u le s .
o f  m o lecu les  from th e  water su r fa c e  s t i l l  c o n t in u e s ,  but th e s e ,
in s t e a d  o f  d i s p e r s in g  in to  the  a i r ,  now re tu rn  to  th e  water at
th e  same ra te  as th e y  are e v o lv e d , and no fu r th e r  heat i s
e x tr a c t e d  from the  w ater . S in ce  i t  i s  d e s ir a b le  to  reduce a l l
h ea t t r a n s f e r  p r o c e s s e s  to  a tem perature b a s i s ,  an attem pt was
made to  ex p ress  eva p o ra tio n  as a fu n c t io n  o f  tem perature
d i f f e r e n c e  between water and a i r .  I t  was found, however, th a t
t h i s  cou ld  not be e f f e c t e d  on a b a s i s ,  s u f f i c i e n t l y  accu ra te
and s im ple  fo r  p r a c t i c a l  a p p l ic a t io n .  In  co n v e rt in g  ( p ^ - p . )1 u
to  a fu n c t io n  o f  (T -  t ) ,  the s a t u r a t io n  p r e ssu re  p^ . bears  
th e  fo l lo w in g  r e l a t i o n  to  T,
I f  th e  a i r  i s  sa tu r a te d  a t  t 1 , p t  may a l s o  be 
e x p r e sse d  as above, but fo r  u n sa tu ra ted  a i r ,
where P. » atm ospheric  p r e ssu r e  and w = vapour co n ten t  o f  a i r .
E ith e r  o f  th e s e  q u a n t i t i e s  may vary c o n s id e r a b ly  
and in d ep en d en tly  w ithout a l t e r a t i o n  in  t .  is a  c&osfoioF
In th e  fo l lo w in g  tre a tm en t ,  t h e r e f o r e ,  th e  r a t e  o f  
h eat t r a n s f e r  by ev a p o r a tio n  has been e x p r e sse d  as a compound 
f a c t p r  in v o lv in g  th e  product o f  heat q u a n t i t i e s  and p ressu re  
d i f f e r e n c e .
f o l lo w s  th a t  a  comprehensive working th eo ry  o f  E vap orative  
Condenser D esign  w i l l  r eq u ire  to  in co rp o ra te  a t  l e a s t  th r ee  
se p a r a te  component t h e o r i e s ,  in  order to  take  f u l l  account o f  
a l l  th e  p o s s i b l e  v a r ia b le s .  This com bination i s  most s u i t a b ly  
e f f e c t e d  by th e  u se  o f  se p a r a te  c o e f f i c i e n t s  fo r  each p r o c ess  
concerned , as in  th e  fo l lo w in g  develop m en t:
When the  a i r  above the  water becomes s a tu r a te d ,  the e v o lu t io n
lo g  P T = A -  f  +--^ 0 - a . l o g .  (T + 460)
THE HEAT TRANSFER COEFFICIENTS.
From th e  c o n s id e r a t io n s  o f  th e  fo r e g o in g  s e c t i o n  i t
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Consider a s e c t io n  o f  the  condenser tu b e .  
> r
3teary\
( * f a + V
Hater*r
T
* 7us- 6e
(ATa + l f  + Se)
Over th e  element o f  water s u r fa c e ,  6A, 6e l b .  water  
are  evap orated .
As in  th e  t y p i c a l  p r a c t i c a l  c a s e ,  s e n s ib l e  h e a t in g  
o f  the  w ater may be n e g le c t e d ,  and th e  w ater tem perature taken  
as c o n sta n t  a t  T.
Then i f  h i  = heat tr a n sm iss io n  c o e f f i c i e n t ,  steam to  w ater ,
o
B .T h .U /S ec .X S q .ft .fc  F.
*
Heat tr a n sm it te d  from Steam to  Water = h^ . ( t 8 -  T ) . 6A ------- ( 1 )
A lso
S e n s ib le  Heat t r a n s m it te d  from Water to
A ir  = ( w aa a  + v . s ^ S t --------------------(2)
and E vap orative  " * «  ~  ^t)  — ----------(3)
And, s in c e  Heat from Steam = t o t a l  heat to  a i r .  
hl * (T8 “ T) 8A = ( wa 8a + v s y) . 8t  >  S e . ^ ^  -  h ^ — U )
For d e s ig n  purposes th e  i d e a l  arrangement o f  the  
r ig h t  hand o f  ( 4 ) ,  would be to  cover  both  the  co n ta in ed  terms 
under a s i n g l e  o v e r a l l  c o e f f i c i e n t .  As a lr e a d y  n o te d , however 
th e  e v a p o ra tio n  term does not len d  i t s e l f  to  r e d u c t io n  to  a  
tem perature b a s i s ,  hence th e  u se  o f  two c o e f f i c i e n t s  i s  
n e c e s s a r y  fo r  th e  t o t a l  heat tr a n sm it te d  to  th e  a i r .
Thus, i f  hg = h eat t r a n s f e r  c o e f f i c i e n t ,  f o r  s e n s ib l e  h e a t in g  
o f  a i r  by w ater , B .T h .U ./se c .* \0q. f t \ ° F .
Equation ( 2 ) red u ces  to
(w .s +  v.Sy ), S t  = h2 . (T -  t )  . 8A ( 5)
A lso ,  i f  a new c o e f f i c i e n t  be tak en  fo r  th e  mass 
d i f f u s i o n  o f  th e  vapour, th e  evap o ra tio n  over  the  s e c t i o n
may be e x p r essed  as
8c = C . (p T -  p t ) . 8A --------------------------------- ( 6 )
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where C = vapour d i f f u s i o n  c o e f f i c i e n t ,  l b / s e c / s q  . f t / f n .H g .
vapour
and (p™ -  p ) = vapour p ressu re  d i f f e r e n c e .  p ressu re
1 t  d i f f .
between w ater and a i r .
The corresp ond ing  ev a p o r a tiv e  h ea t  t r a n s f e r  in  equ. 
(3 )  i s  thus e x p r essed  as
St -  h T> = ° * ( p T “  + “  V ' SA-----------( 7 )
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Eqn. ( 4 )^may th en  be r e - w r i t t e n  as
hr (Ts -  I ) . SA = (hgjCT -  t )  +  C.(pT-  pt ) . ( H t ;# t  - h T) ) .S A ,
 ( 8 )
And, in t e g r a t in g  over th e  t o t a l  condenser a rea ,
h1.(Tg -  T)lA = [hg(T -  t m) + C.pm. (Ht2  -  bT) ]  . A-----(9)
where t m = mean a i r  tempr. F.
Pm = M vapour p r e s s r .  d i f f .  betw een water and a i r .  
tg  = a i r  tem perature a t  o u t l e t  °F .
Eqn. (9 ) r e p r e se n ts  th e  fundamental eq u a tio n  fo r  heat  
t r a n sm is s io n  in  an ev a p o r a tiv e  condenser , and p ro v id es  a 
com plete  and g e n e r a l  b a s i s  f o r  d e s ig n ,  demanding o n ly  the  
p r o v i s io n  o f  exp erim en ta l v a lu e s  fo r  th e  c o e f f i c i e n t s  concern:  
:ed . The primary o b je c t  o f  th e  p r e sen t  i n v e s t i g a t i o n  was 
to  p ro v id e  the  n e c e ss a r y  v a lu e s  f o r  th e s e  c o e f f i c i e n t s ,  and 
the  fo l lo w in g  s e c t i o n s  d e a l  w ith  th e  methods o f  d e r iv a t io n  
and th e  f i n a l  r e s u l t s  o b ta in ed .
C a lc u la t io n  o f  Water V e l o c i t y .  As a p r e l im in a r y  to  p l o t t i n g  
th e  c o e f f i c i e n t  c u r v e s ,  a method o f  c a l c u l a t in g  th e  mean 
and s u r fa c e  water v e l o c i t i e s  had to  be d e r iv e d ,  and the  
f o l lo w in g  b a s i s  was adopted .
For v i s c o u s  f lo w  on a v e r t i c a l  w a l l ,  
th e  v e l o c i t y  d i s t r i b u t n .  in  the  f i lm  w i l l  
be as in d ic a te d .
Let v = v e l o c i t y  f l o w , f t . / s e c . , a t  a
depth x  f t .  from th e  w a l l .
X -  t o t a l  depth o f  f i lm  -  f t .
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F -  v i s c o u s  drag o f  the  a i r  stream  
l b / f t 2. .
w -  s p e c i f i c  w eight o f  water -  l b / f t ^
2U  -  v i s c o s i t y " l b .  s e c / f t '
W -  t o t a l  water f lo w , l b / f t .  w idth o f
w a l l .
In  the  case  o f  an e lem en ta l  la y e r ,  Sx t h ic k  and o f  u n i t  area
4
in  a p lan e  p a r a l l e l  to  th e  w a l l ,  fo r  u n a c c e le r a te d  m otion,
Wt. o f  water in  elem ent =■ su p p o rtin g  v i s c o u s  fo r c e s
dv d
. . w .8x  = u. dx -  u  dx (v + &v)
G vr
dv
-  u ' dx
= -  u . dx'
= wx +  A
But ( w X + F )  = u . ( ^ ) ( x = o )
. . A = -  ( «  + F)
dv
. . -  u 'd x  = wx -  (wx + F)
wx
U V = -  2 + (wx 4- F )x  f  B
B = 0When x  = o ,  v = o
uv = -  ?  +  (wX + F ) . x
. . From (1)
1 /  wX 2 \
Su rface  V e lo c i t y ,  Vs = £  \  ^  ^
and Mean V e lo c i t y ,
= |  (  S  X2 + FX)------
-  X J  (  V.dx.)
= l ! [ i . w x 2 + | fx]
A lso ,  from th e  g e n e r a l  eq u a t io n  fo r  mass f lo w
WX = w.v m
S u b s t i t u t io n  o f  eqn. ( 4 ) in  equn. ( 3 ) g iv e s
r2 , f
or
m
wu
1
u
•m
F.
vm
W
3vm
+ i - r
w. vm
( 1 )
( 2 )
(3)
( 4 )
( 5)
For a g iv e n  t e s t ,  th e  o n ly  unknown in  eqn. ( 5) i s  Vm.
The r ig h t  hand s id e  may be p l o t t e d  to  a base  o f  Vm,
1
/f o r  s e l e c t e d  v a lu e s  o f  and th e  in t e r c e p t io n  w ith  th e  h or izon  
: t a l  through th e  o r d in a te  at w .u , g iv e s  th e  req u ired  v a lu e  o f
tfe
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Viscous Db.ro
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H b t e r  F l o h
Where th e  v is c o u s  a ir  drag i s  n e g l i g i b l e ,  eqn. 1 
( 5 ) reduces to
y -  ■  < r £ r - ) * -------------------------------------------------------------------- ( 6 >
and e q n . ( 2 ) reduces to
v s =  (7)
The e f f e c t  o f  the  a ir  drag was examined, u s in g  the
N a t io n a l  P h y s ic a l  Laboratory curve fo r  the sk in  f r i c t i o n  o f
f l u i d s  in  smooth tu b e s .  F ig .  7 shows the d er ived  curves o f  F,
th e  drag in  lb. per  sq . f t ,  f o r  a i r  f low in g  in  an l f M tube,
o o
a t  tem peratures o f  70 F and 140 F. These curves were applied 
d i r e c t l y  to  th e  p resen t  t e s t s ,  there  be ing  assumed to  be 
l i t t l e  d i f f e r e n c e  between th e  r e s i s ta n c e  o f f e r e d  by the  smooth 
w ater su r fa c e  and th a t  o f f e r e d  by a m etal tu b e . For in te r :  
im ed iate  a i r  tem p eratures , in te r p o la t io n  was a p p lied . In  
e s t im a t in g  F from F ig .  7» r e l a t i v e  v e l o c i t y  between the  
a i r  and th e  water su r fa c e  i s  the co rrec t  va lu e  o f  V to  tak e .  
For t h i s  purpose, the  water su rfad e  v e l o c i t y  may be taken  
from eqn. ( 7 ) w ith  s u f f i c i e n t  accuracy. In  F ig . 8 , eqn. ( 6 ) 
i s  p l o t t e d  fo r  v a r io u s  water tem peratures. For convenience  
th e  base  was taken  as the t o t a l  water flow  on a su r fa c e ,  equal 
in  w id th  to  th e  per im eter  o f  a n * l f tt tube, but by s u i ta b le  
m o d i f i c a t io n  o f  th e  base s c a l e ,  th e  curves can be used fo r  j 
any w idth  o f  s u r fa c e .  The equations for  a p lane v e r t i c a l  
s u r fa c e  have been taken as a p p l ic a b le  to  the tube su r fa c e ,  
as  th e  dim ensions of th e  f i lm  are sm all compared to  the radius  
o f  cu rvatu re  o f  th e  tu b e .
For th e  s m a l le s t  a i r  f lo w , the water v e l o c i t y  was
j
o b ta in e d  d i r e c t l y  from F ig .  8 , the a ir  drag be ing  n e g l ig i b l e ,  j 
The maximum in c r e a se  in  water v e l o c i t y ,  at the  h ig h es t  a ir  
sp ee d , was &f> over  the  v e l o c i t y  g iv en  by F ig .  8 . For a g iv en  
a i r  f lo w , th e  p ercen tage  in c r e a se  in  speed i s  g rea ter  w ith  the
t h in n e r  f i lm s .
Me m  h/flrfft Velocity - Fr/sec.
The Steam to  Water C o e f f ic ie n t ," ]^ . The t e s t  s e r i e s  for  
th e  i n v e s t i g a t i o n  o f  h^, comprised s e t s  o f  t e s t s  at four  
steam tem p eratures . For a g iven  steam tem perature, t e s t s  were 
c a r r ie d  out w ith  fou r  r a te s  o f  water supply and a constant  
a i r  s p e e d . .
For each t e s t  the  t o t a l  heat tra n sm itted  through the  
tu b e ,  and the  mean water tem perature, were found as d escr ib ed  
in  S e c t io n  2 . Denoting th e se  r e s p e c t iv e  q u a n t i t i e s  by H and 
Tm, then
h = H B .T h .U /sec . o 
1 1 .7 7  f t  . i  (Tg -  Tm) F.
F ig .  9 g iv e s  hx fo r  the  vacuum t e s t s ,  p lo t t e d  to a 
b a se  o f  mean water v e l o c i t y ,  the  v e l o c i t y  b e in g  c a lc u la te d  
as d e sc r ib e d  in  th e  preced ing  s u b -s e c t io n .  The curve (2) 
r e p r e s e n t s  a mean l i n e  through the  t e s t  p o in t s .  Any ir r e g u la r :  | 
: i t i e s  tn  th e  p o in t s  are e n t i r e l y  due to  the  sm a ll  temperature  
d i f f e r e n c e s  which e x i s t  in  the evap orative  condenser; as a 
r e s u l t ,  moderate experim en ta l e r r o r s , i n  temperature measure: 
:ment may r e s u l t  in  a p p rec iab le  percentage errors  in  h^.
S e v e r a l  broad c o n c lu s io n s ,  however, may be drawn from the  
f i g u r e ,  to  which has been added a mean curve ( l ) ,  for  a sm all  
s u r fa c e  condenser employing an annular water flow  sp ace . The 
g iv e n  curve i s  fo r  steam condensing at a con stan t temperature  
o f  212°F .
R e fer r in g  to  th e  eva p orative  condenser r e s u l t s ,  i t  
may be s t a t e d  th a t  n e i t h e r  steam temperature nor a ir  speed  
appear to  have any very  d e f i n i t e  e f f e c t  on h^, fo r  the  t e s t s  
g iv e n .  With th e  atm ospheric steam se r ie B ,  however, th ere  was 
a ten d en cy  f o r  th e  h^ v a lu e s  to  be h ig h er .
The e f f e c t  o f  the  water v e l o c i t y  p r e sen ts  some 
i n t e r e s t i n g  f e a t u r e s .  The maximum v e l o c i t y  o f  2 f e e t  per s e c .  
r e p r e s e n t s  a  generous water supply to  the  condenser, such as 
would not l i k e l y  be exceeded  in  p r a c t i c e .  Thus, i f  an
-  21  -
e x tr a p o la t io n  i s  ventured , i t  i s  seen  th a t  in  an average  
con d en ser , o f  th e  t o t a l  va lu e  o f  h^, o n ly  50- 6 0 w i l l  
be due to  v e l o c i t y ,  and th e  remainder to  th e  “s t i l l - w a t e r “ 
e f f e c t .  This s e r v e s  to  e x p la in  the  apparent anomaly 
t h a t  h ig h er  r a te s  o f  heat tra n sm iss io n  are obta in ed  w ith  
th e  lam inar f lo w  o f  the  evap orative  condenser than w ith  
th e  fo r c e d  c o n v ect io n  o f  th e  su rface  condenser, as rep resen  
: t e d  by curve ( 1 ) .  The f a c t ,  that an in crea se  in  the  
h e a t  t r a n s f e r  r a te s  i s  ob ta in ed  w ith  h igh er  water speeds,  
has an im portant p r a c t i c a l  a p p l ic a t io n .  The prevalent  
id e a  regard ing  ev ap ora tive  condensers appears to  be th at  
f o r  e f f i c i e n t  working and high  evaporation , the water f i lm  
must be kept as t h in  as p o s s ib l e .  The r e s u l t s  o f  th e se  
t e s t s ,  however, would in d ic a te  th a t  a  more copious water  
su p p ly  would be d e tr im en ta l n e i th e r  to  heat t r a n s fe r  nor 
e v a p o r a t io n ,  and, a t  the  same tim e, th e  danger o f  dry 
p a tc h e s  d eve lop in g  on th e  tub es would be con sid erab ly  
m inim ised .
The/
A/R FLOhl -  Tf LB. S £ C  $Q F T .
He a t  Tr a n s m is s io n  Co e f f ic ie n t  for
C o n v e c t iv e  h e  b it in g  o f  R ir
■ 1
1
Air temp£Rrtvr£
Com parison  of Th e r m a l  Ca p a c it ie s
o f  D r y  E Sr t u r a t f d  A i
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The C on vective  H eating  C o e f f i c i e n t ,  Water to  A ir ,  “/Vg . The 
t e s t  s e r i e s  a n a ly sed  fo r  h2 , and a ls o  fo r  the d i f f u s io n  
c o e f f i c i e n t ,  com prised tw enty t e s t s ,  in  a l l  o f  which the water 
su pp ly  was kept app rox im ate ly  c o n s ta n t .  T ests  were run a t  four  
steam  tem prs, a t  each o f  which f i v e  a ir  speeds were used .
In d e r iv in g  h2 , th e  standard method fo r  co n v ect iv e  
c o e f f i c i e n t s  was employed,i.e.
Heat g iv en  to  a i r  s  Wa. Sa. ( t 2 -  t^ )  B .T h .U ./s e c .
and Mean t e m p r .d i f f e r e n c e K  _ (T^ -  t^ )  -  (T2 -  t 2 ) 0
between a i r  and water ) m -----------------------=-------- — - ^
lo g  e I m i J l .
T2 “  *2
flign lli-. ■■ Ws.. X • 24 X ( to  " t i  ) i / o i
’ 2 " ~ t g x ~ l . '90 sq .  f t .  1 -  B .T h .U ./seo /ft^ /O F .
The water area  used  i s  the  t o t a l  tube su rfa ce  exposed
to  th e  a i r  f lo w .  For T2 th e  end Values o f  the curves in  F ig . 5
were not taken fo r  th o se  t e s t s  in  which the temperature curve 
f e l l  towards th e  o u t l e t  end. In such c a s e s ,  in  order to  apply  
th e  l o g .  mean d i f f e r e n c e  e x p r e ss io n  the water temperature was 
assumed to  r i s e  c o n t in u o u s ly  w h ile  s t i l l  m aintain ing the same 
mean tem p erature . The end v a lu e s  then obta in ed  were taken fo r  
T2 , as  g iv e n  in  Table 3* This ensures th a t  the  hg v a lu e s  do not
err  on the  h igh  s i d e .
The c a l c u l a t e d  v a lu e s  o f  h2 fo r  a l l  the t e s t s  are  
g iv e n  in  F ig .  1 0 ,  and the  r e s u l t s  are e x a c t ly  in  accordance w ith  
t h e o r e t i c a l  c o n s id e r a t io n s .  The lower curve o f  ’'h** from metal
to  a i r ,  i s  taken  from a paper by xSneeden, and the s im i la r i t y  .
■ /+
betw een th e  p r o c e s s e s  r e p re sen ted  by the  two curves i s  a t  once 
e v id e n t .  For a g iv en  a i r  speed the  d i f f e r e n c e  in  the  "h11 v a lu es
i s  a  measure o f  th e  in c r e a se d  d i f f u s io n  caused by the evaporation
a t  th e  w a te r -a ir  i n t e r f a c e . ,
The cu rv e ,  fo r  th e  p resen t  t e s t s ,  g iven  in  F ig .  10 
ta k e s  no account o f  the  s e n s ib le  h e a t in g  o f  the  vapour in  the  
a i r ,  but i t s  u se  can e a s i l y  be extended to  a ir  sa tu ra te d  to  any 
d egree  thus -
____________For a g iv en  a i r  spged ,___________________________
J o u r n a l ,  Royal T ech n ica l C o l le g e ,  1926 .
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h2 fo r  m oist a ir  _ Kv  x f> fo r  m oist a i r .
h 2 fo r  dry a ir  * Kp x f  fo r  dry a i r .
where Kp m s p e c i f i c  h ea t @ con stan t p ressu re .
and p -  d e n s i t y .
For dry a i r . -  .2 4
a n d  p  =  wMtfw)  l b / f 1 ?  •
For 1 lb of air and vapour mixture, containing Wa. lb. air and
Wv . l b .  vapour.
Kp s  Wa. x .2 4  f  Wv . x .46  ( .4 6  a mean sp ec , beat o f  water
vapour. )
And i f  -  p a r t i a l  a i r  p r e ssu r e ,  l b / i n ^ ,
1° f o r  the  m ixture = ~ 3;-f ; / - a4 6 o ) x i  l b / f u 3
On t h i s  b a s i s ,  th e  thermal c a p a c i t i e s  o f  dry and f u l l y  
sa tu r a te d  a i r  a re  compared in  F ig .  1 1 . I t  w i l l  be seen that up 
to  about 110°F , th ere  i s  l i t t l e  d i f f e r e n c e  between the two gases  
as h ea t  t r a n s m it t in g  a g e n t s .  This i s  an i n t e r e s t in g  p o in t ,  in  
view  o f  the f a c t  th a t  in  a t  l e a s t  one type o f  p r a c t ic a l  a ir  
con d en ser , the tro u b le  has been taken o f  sa tu r a t in g  the i n l e t  
a i r ,  p o s s ib ly  in  the  hope th a t  a nearer approach to  a w ater-  
c o o le d  e f f e c t  would r e s u l t .
The Vapour D i f f u s io n  C o e f f i c i e n t .  C. The su c c e s s iv e  rstages in  
th e  r e d u c t io n  o f  the  evap oration  r e s u l t s  to  a fundamental b a s is  
are  r e p r e se n te d  in  F ig s .  1 2 -1 4 .  F igure 12 . i l l u s t r a t e s  the  
g e n e r a l  na tu re  o f  the  r e s u l t s  o b ta in ed , and brings out w e ll  the  
co m p a ra tiv e ly  low eva p o ra tion  r a te s  which may be expected a t  
ord in a ry  vacuum steam tem p eratures . For each t e s t  the mean 
vapour p r e ssu r e  d i f f e r e n c e  between the  water and the a ir  was 
c a lc u la t e d ;  in  no case  was th ere  much d if fe r e n c e  between the  
a r ith m e t ic  and lo g a r ith m ic  m ean'of th e  i n l e t  and o u t le t  vapour 
p r e s su r e  d i f f e r e n c e s .  The evaporation  r a te s  o f  F ig .  12 were 
then  p l o t t e d  to  a base  ;of mean vapour pressu re  d i f f e r e n c e ,  as 
in  F ig .  1 3 . A llow in g  for* experim ental a b e r r a t io n s ,  i t  i s  seen  
th a t  th e  l in e a r  r e l a t io n s h ip  between evaporation  and vapour 
p r e s s u r e  d i f f e r e n c e  i s  fo l lo w e d  f a i r l y  c l o s e l y .  The 
e x p la n a t io n  o f  th e  - i r r e g u la r i t i e s  in  the  h igh  tempers
probable  
ture  t e s t s
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Co f f f i c i e n t  o f  D i f f u s i o n
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i s  th a t  the  mean p r e ssu re  d i f f .  based on i n l e t  water  
tem perature i s  too  low , s in c e  in  th e se  t e s t s  there  was a 
sudden r i s e  in  water tem perature near the  i n l e t .  S ince  the  
a p p l ic a t io n  o f  th e  d e r iv e d  c o e f f i c i e n t s ,  however, i s  to  vacuum 
c o n d i t io n s ,  the  mean l i n e s  have been kept below th e se  atmospheric  
steam  t e s t s  as shown.
The g r a d ie n ts  o f  th e  s t r a ig h t  l i n e s  in  F ig .  13 g ive  
th e  mean d i f f u s i o n  c o e f f i c i e n t  fo r  the r e s p e c t iv e  a ir  sp eeds,  
and th e  r e s u l t a n t  c o e f f i c i e n t s  are  shown p lo t t e d  to  a base o f  
a i r  f lo w ,  in  F ig .  1 4 . The g en era l  nature o f  the curve i s  s im ila r  
to  th e  u su a l  h ea t  d i f f u s i o n  c o e f f i c i e n t  c u rv es . As has already- 
been m entioned, the  su b je c t  o f  evaporation  from s t i l l  water 
s u r fa c e s  has r e c e iv e d  much a t t e n t io n  from other workers, and 
i t  i s  i n t e r e s t i n g  to  compare some o f  the f ig u r e s  obta ined  w ith  
th e  r e s u l t s  from the  ev a p o ra tiv e  condenser . In chem ical  
e n g in e e r in g  c i r c l e s ,  the  work o f  C arrier* and H inchley i s  
o u ts ta n d in g .  Each has c a r r ie d  out r e se a rc h  o f  an em inently  
p r a c t i c a l  n a tu r e ,  and has developed  a working formula connecting  
e v a p o r a t io n ,a ir  sp eed ,an d  p r e ssu r e  d i f f e r e n c e .  Their r e s p e c t iv e  
fo rm u la e , when con v erted  to  l b .  f t .  s e c .  u n i t s ,  and expressed in  
a c o e f f i c i e n t  form , g iv e  fo r  C.
C m .000026  (1 + .2 6 v )  l b / s e c / s q . f t . / i n . H g .  -  C arr ier .
C -  .000045  (1 + . 1 3 3 v ) do . do. -  H inch ley .
and th e  l in e a r  law i s  s t a t e d  to  be an approxim ation. The
in t e r c e p t  on th e  zero a i r  f lo w  l i n e  covers  the  ” s t i l l - a i r *1
c o n d i t io n ,  w here, a lth ou gh  th e r e  i s  no p o s i t i v e  a ir  current above
th e  w a te r ,  e v a p o ra tio n  may s t i l l  take p la c e  so lo n g  as a vapour
p r e ssu r e  d i f f e r e n c e  e x i s t s .  This c o n d it io n  i s  u s u a l ly  maintained
by th e  c o n v e c t io n  a i r  c u r r e n ts  s e t  up above the  w ater , which
r e s u l t  i n  th e  con tin u ou s in d u c t io n  o f  f r e s h  a ir  to  the  water
s u r f a c e s .  The p r o c e ss  i s  ra th er  ind eterm inate  and the ’’s t i l l - a i r *
c o e f f i c i e n t  e q u a l ly  s o .
The ex p er im en ta l c o n d it io n s  under which th e se  r e s u l t s
-'rm
were o b ta in e d  were v a s t l y  d i f f e r e n t  from th o se  e x i s t in g  in  the jj
1 -  Journal I n d u s t r ia l  and E n gin eering  Chem istry, Kay, 1921^
2 -  Trans. I n s t .  Chemical E n g in eers , 1924 .
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exp erim en ta l ev a p o r a tiv e  condenser used  fo r  the  p resen t  
t e s t s ,  e . g .  In  H in c h le y f s w o rk ,th e  evaporation took p la ce  from 
a f l a t  pan in t o  a draught channel 1*6H x 9 “ h ig h . In view of  
t h i s  f a c t ,  th e  com parative agreement o f  the r e s u l t s  i s  in t e r e s t :  
s i i ig ,  when a llow an ce  i s  made fo r  the in crea sed  d i f f u s io n  caused  
by th e  motion o f  the  water su r fa c e  in  the  condenser. I f  the  
c o e f f i c i e n t  o f  d i f f u s i o n ,  fo r  a g iven  a ir  speed , can be shown 
to  be very  l i t t l e  a f f e c t e d  by the  dim ensions of the a ir  passage ,  
such an exp er im en ta l curve as g iven  in  F ig .  1 4 , w i l l  have very  
g r e a t  p r a c t i c a l  v a lu e .  I t s  use  need not be con fin ed  to  
e v a p o r a t iv e  co n d en sers ,  but cou ld  be extended e . g .  to  the design  
o f  c o o l in g  tow ers; i t  would th ere  be used  in  combination w ith  
th e  c o n v e c t iv e  h e a t in g  c o e f f i c i e n t  o f  F ig .  10 .
L ogarithm ic  Mean P ressu re  D i f f e r e n c e . For the p r a c t i c a l  case  
o f  e v a p o ra tio n  from water a t  a co n sta n t temperature in to  an a ir  
stream , the  u se  o f  the  a r ith m e t ic  mean vapour p ressu re  d i f fe r e n c e  
i s  not a c c u r a te  and the  lo g a r ith m ic  mean should be used as 
in d ic a t e d  in  th e  f o l lo w in g  developm ent.
jd  s  11 H in  a ir  M
th e  vapour p r e ssu r e  diagram fo r  the  condenser i s  as in d ic a te d .  
In  a m ixture o f  a i r  and water vapour,
Hence, c o n s id e r in g  a s e c t i o n  o f  the  condenser su r fa c e ,  SA ,
I f  Rr s  vapour p r e ssu r e  a t  water tempr. -  i n s .  Hg.
Weight o f  vapour _  S p ec . V o l .  o f  a i r  a t  p a r t i a l  a ir  p r e s s .
” H a i r  “  i* n vapour ** 7V
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E vaporation  over 8A, 8 e a C,(?w -  p ) , 8A -  ( l )
A lso  8 e -  . 6 2 2 ^  -  ( 2 )
In th e  average  p r a c t i c a l  c a s e ,  where the p a r t ia l  
vapour p r e ssu r e s  in v o lv e d  are  o f  a low ord er , the ab so lu te  
v a lu e  o f  pa v a r i e s  very  l i t t l e  through the condenser, and may 
be taken  as c o n s t a n t .
• • E quating ( l )  and (2 )
.6 2 2 'T ^  = C.(PW -  p ) . 8A
f r e-^2— \ “ J 8A*• • (Pw -  p )  /  .622
• i Pw " P i  -  0*Pa *• • -L0 » ,i u.. XoW # ^ •
6 Pw -  P2 ,622
And, fo r  whole condenser ,
0 .  pm. A -  > (p2 -  P i )
r, ' 6 2 2  t  'tpm = O.A.pa (p 2 " P i )• #
= ?2 “  P i
i o g e . £ g - ~. A  
^w “  P 2
The rem aining f i g u r e s ,  15-17> have been prepared as 
a m atter o f  p r a c t i c a l  i n t e r e s t .  F ig .  15 i l l u s t r a t e s  the f a c t  
th a t  a lth ou gh  in c r e a se d  a i r  speed means an in c re a se d  r a te  o f  
h e a t  t r a n s m is s io n ,  i t  a l s o  r e s u l t s  in  a decreased  u s e fu ln e s s ,  
per l b .  a i r  c i r c u l a t e d .  F ig .  16 shows th e  o v e r a l l  e f f e c t  o f  
in c r e a se d  a i r  speed  on th e  h e a t  c a r r ie d  o f f  by the  a i r ,  the  
p l o t t e d  p o in t s  b e in g  taken from the  t e s t  r e s u l t s .  A lso ,  for  
each o f  th e s e  t e s t s ,  th e  w ater and a i r  c o n d it io n s  be ing  known, 
th e  t o t a l  h e a t  t r a n s fe r r e d  to  the  a ir  was c a lc u la te d  by the use  
o f  th e  mean c o e f f i c i e n t  cu rves  in  F ig s .  10 and 14* These 
C a lc u la te d  and A ctu a l V alues were then p lo t t e d  a g a in s t  each 
o t h e r ,  in  F ig .  17; i f  com plete  agreement e x i s t e d  between the  
two s e t s  o f  v a l u e s ,  a l l  p o in t s  would f a l l  on the  45°  l i n e  
shown. The o b j e c t  o f  p l o t t i n g  t h i s  f i g u r e  i s  to  demonstrate  
th a t  th e  a c tu a l  t e s t  r e s u l t s  in  g e n e ra l  have not s u f fe r e d  undue 
d i s t o r t i o n  in  b e in g  a n a ly sed  to  g iv e  the  o v e r a l l  c o e f f i c i e n t s *  
The o n ly  t e s t s  which show any marked d e v ia t io n  from the
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l i n e  are  the  two atm ospheric  steam t e s t s  which gave the I
i r r e g u l a r i t i e s  in  F ig ,  1 3 .
PROCEDURE IK DESIGN,
For a g iv en  c a se  o f  condenser d e s ig n ,  the steam  
tem perature and the  req u ired  t o t a l  heat tran sm iss ion  per second  
are  known. In  th e  ca se  o f  th e  evap orative  condenser, there  are  
3 e x p r e s s io n s  fo r  t h i s  t o t a l  h e a t ,  as d er ived  p r e v io u s ly  in  the  
pa p er .
T o ta l  H e a t /s e c  = 1fa .£  (Sa + S v ) . (  t 2 -  tj_ ) +  | L  (Htfc -  h j ) ]  ( i )
= hr  (Ts -  T) . A ( 2)
= hg. (T -  tm). A ^(p,j -  Pm )  ^ A ( 3 )
A s  t o t a l  c o o l in g  su r fa c e  -  sq .  f t .
Pjj. ss mean vapour p r e ssu r e  in  a i r  -  i n s .  Hg.
T s  th e  water tem p erature , taken as c o n s ta n t .
As in  su r fa c e  c o n d e n s e r * ,c e r ta in  p re lim in ary  
s t i p u l a t i o n s  are  n e c e s s a r y .  The f o l lo w in g  p o in ts  would req uire  
to  be p r e v io u s ly  d e c id e d .
Water Speed, and t h e r e fo r e ,
A ir  Speed, and t h e r e f o r e ,  h£ and C.
The average  atm ospheric  tem perature and hum idity would f i x  the  
i n l e t  a i r  c o n d i t io n s .
In  su r fa c e  condenser work, the  o u t le t  water temperature  
i s  kept a t  a g iv e n  amount, e . g .  8- l 6°F , below the steam  
tem p eratu re , and a s im i la r  s t i p u l a t i o n  r eq u ire s  to  be made w ith  
reg ard  to  the  o u t l e t  a ir  c o n d it io n  in  the  evap orative  condenser.
As th e  q u e s t io n  i s  m ainly one o f  eva p ora tion , a convenient way 
o f  s t a t i n g  t h i s  l i m i t i n g  c o n d it io n  i s  to  f i x  the vapour pressure  
in  th e  o u t l e t  a i r  a t  a g iv e n  amount below the  a b so lu te  steam  
p r e s s u r e .  This i s  not an i r r a t io n a l  b a s i s ,  a s ,  i f  the  
condenser were s u f f i c i e n t l y  lo n g ,  the  water would r i s e  to  the j 
steam  tem perature w ith  th e  a i r  s a tu r a te d ,  a l s o  a t  th a t  teaperattiMI 
In  th e  h ig h e s t  vacuum t e s t s  o f  th e  p r e sen t  t e s t s ,  the  average 
vapour p r e ssu r e  d i f f e r e n c e  between th e  steam and 
was 3 i n s .  Hg.
o u t l e t  a i r
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Having f i x e d  th e  vapour p ressu re  in  the o u t l e t  a ir ,  
as a s a f e  approx im ation , th e  o u t l e t  a ir  temperature i s  taken 
a s  the  s a tu r a t io n  tem perature a t  t h i s  p r e ssu r e .  I f  the a ir  i s  
not co m p le te ly  sa tu r a te d  i t  sim ply means th a t  the o u t le t  
tem perature w i l l  he a few degrees  h ig h e r .
A t e n t a t i v e  e s t im a te  may then he made o f  the mean 
a i r  tem perature ( t m) and th e  mean vapour p ressu re  (pm) in  the  
con d en ser .
E quating (2 )  and ( 3 ) above, then g iv e s  
hl . ( Te -  T) = b2 .(T -  t m) + C.(pT -  pm).(H t l  -  hT)  (4 )
The o n ly  unknowns in  equation  (4 ) are  T, p^ , and h^.
Over sh o rt  tem perature ranges p^ can be approxim ately  
e x p r essed  in  terms o f  T, e . g .  from T = 100°F to  T « 110°F, the  
s a t u r a t io n  p r e ssu r e  a t  any in term ed ia te  T i s  g iven  by
pT = 1 .9 4  -  .0o8(T  -  100) i n s .  Hg.
And hT = (T -  3 2 )  B .T h .U . / lb .
Hence eqn. ( 4 ) may be so lv e d  fo r  the req u ired  T.
The t o t a l  condenser a r e a ,  A, i s  then got from e ith e r
eqn. (2 )  or ( 3 ) .  The t o t a l  a i r  f lo w , Wa, req u ired  i s  got from
eqn. ( l ) .  Wa and (— ) determ ine the  a i r  f low  a r ea , and i f  aa
s p e c i f i e d  s i z e  o f  tube i s  u sed , the  t o t a l  number of tubes a lso  
becomes f i x e d .  The t o t a l  p er im eter  o f  the  a ir - f lo w  cro ss  s e c t io n  
b e in g  then  known, th e  t o t a l  c o o l in g  su r fa c e  d iv id ed  by t h i s  
p er im eter  f i x e s  th e  tube l e n g t h .
The e n t i r e  i n v e s t i g a t i o n  d e sc r ib ed  above was carr ied  
out in  th e  M echanical E n g in eer in g  Laboratory o f  the Royal 
T e ch n ica l  C o l l e g e ,  under the  s u p e r v is io n  o f  P ro fe sso r  A.L. 
M ellanby, D . S c . ,  to  whom I am g r e a t ly  indebted  fo r  h i s  advice  
and guidance throughout a l l  s ta g e s  o f  the  work; and I have a ls o  
to  thank P r o fe s s o r  W. K err, Ph.D. fo r  h i s  kind i n t e r e s t  in  the  
developm ent o f  th e  s u b j e c t .
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